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Abstract: Thermal energy storage system is of great significance for the concentrated solar
power system to keep the balance between power generation and demand. Metal
hydride based thermal energy storage system is regarded as a promising method due
to its good reversibility, low cost, and no by-product. Multi-phase heat exchange has
much higher heat transfer coefficient than single-phase fluid heat exchange, thus
facilitating the steam generation. In this study, a two-dimensional model of the metal
hydride reactor using multi-phase heat exchange is proposed to estimate the
performance and its feasibility of application in the concentrated solar power system.
The results show that the velocity of the heat transfer fluid should match well with the
thermal conductivity of the metal hydride bed to maintain the heat flux at a relatively
constant value. The match of thermal conductivity of 3 or 5 W/(m·K) and fluid velocity
of 0.0050 m/s results in the heat flux up to about 19 kW/m2, which is increased by 3
orders of magnitude than single-phase heat exchange. In the thermal energy storage
system, the reheating cycle is recommended to improve the utilization of the thermal
energy. The efficiency of the system could be improved from 18.4% to 30.8% using the
reheating cycle. The increased efficiency is comparable to the previously reported
efficiency of 39.2%. Besides, the operation strategy of raising the steam temperature
by increasing the hydrogen pressure or the superheater temperature is suggested for
the system to obtain higher efficiency.
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Abstract 1 
Thermal energy storage system is of great significance for the concentrated solar power 2 
system to keep the balance between power generation and demand. Metal hydride based 3 
thermal energy storage system is regarded as a promising method due to its good reversibility, 4 
low cost, and no by-product. Multi-phase heat exchange has much higher heat transfer 5 
coefficient than single-phase fluid heat exchange, thus facilitating the steam generation. In this 6 
study, a two-dimensional model of the metal hydride reactor using multi-phase heat exchange 7 
is proposed to estimate the performance and its feasibility of application in the concentrated 8 
solar power system. The results show that the velocity of the heat transfer fluid should match 9 
well with the thermal conductivity of the metal hydride bed to maintain the heat flux at a 10 
relatively constant value. The match of thermal conductivity of 3 or 5 W/(m·K) and fluid 11 
velocity of 0.0050 m/s results in the heat flux up to about 19 kW/m2, which is increased by 3 12 
orders of magnitude than single-phase heat exchange. In the thermal energy storage system, 13 
the reheating cycle is recommended to improve the utilization of the thermal energy. The 14 
efficiency of the system could be improved from 18.4% to 30.8% using the reheating cycle. 15 
The increased efficiency is comparable to the previously reported efficiency of 39.2%. Besides, 16 
the operation strategy of raising the steam temperature by increasing the hydrogen pressure or 17 
the superheater temperature is suggested for the system to obtain higher efficiency. 18 
 19 
Key words: metal hydride; thermal energy storage; heat exchange; phase change material; 20 
power system. 21 
  22 
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1. Introduction 1 
The development of human society depends on the energy consumption. Fossil fuels 2 
(including coal, petroleum and nature gas) have made enormous contribution to the energy 3 
supply of human beings in the past centuries [1,2]. However, fossil fuels are non-renewable, 4 
and the heavy use of fossil fuels leads to severe environmental pollution [3,4]. By contrast, 5 
solar energy is clean and renewable, which has a wide distribution and large reserve [5]. 6 
During the recent years, more and more concentrated solar power (CSP) system has been built 7 
around the world, indicating the huge potential of solar energy market [6,7]. 8 
In the CSP system, due to the various light condition and power demand of users over a 9 
day, thermal energy storage (TES) is always equipped to keep the balance between power 10 
generation and demand [8,9]. During the daytime, solar energy is collected and converted into 11 
thermal energy. Part of the thermal energy is used to generate power directly, while the rest is 12 
stored in the TES system. During the nighttime, the thermal energy stored in the TES system 13 
is released and used to generate power. The TES plays an important role in the control of 14 
power generation and the efficient utilization of solar energy [10]. At present, sensible thermal 15 
storage, latent thermal storage and thermochemical storage (TCS) are three main approaches 16 
applied for the TES [11,12]. The energy density of the sensible and latent thermal storage is 17 
about 108 and 360 kJ/kg, respectively [13,14]. Compared with these two approaches, the TCS 18 
is able to achieve significantly higher energy density, about 2800 kJ/kg for metal hydride 19 
MgH2 [15,16]. Besides, the storage duration of the TCS can be indefinitely long in theory [17]. 20 
Given these advantages, the TCS attracts extensive attentions [18,19]. 21 
There are plenty of materials suitable for the TCS, such as metal hydrides (MgH2, CaH2), 22 
carbonates (CaCO3, BaCO3), hydroxides (Mg(OH)2, Ca(OH)2), etc. [20]. Among these 23 
materials, metal hydrides (MH) have the advantages of good reversibility, low cost, no by-24 
product and large experimental feedback, which are considered as a promising contender for 25 
the TES in the CSP system [19,21]. The thermal storage process of the MH is achieved by a 26 
reversible chemical reaction. During the daytime, the heat from solar energy results in the 27 
hydrogen desorption of the MH. The hydrogen desorption reaction is endothermic, thus the 28 
thermal energy storage is realized. During the nighttime, hydrogen is supplied to the MH. The 29 
reaction between hydrogen and the MH occurs with the release of a large quantity of heat, 30 
indicating that the stored thermal energy is released. 31 
Several numerical and experimental researches employing the MH for the TCS in the 32 
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CSP system have been reported in recent years. Mellouli et al. [22] proposed a novel metal 1 
hydride based TES (MH-TES), which coupled high temperature MH Mg2FeH6 for thermal 2 
storage and low temperature MH Na3AlH6 for hydrogen storage. The feasibility and 3 
performance of the TES was estimated by numerical model. The results showed that 96% of 4 
solar energy can be recovered by the MH-TES and the energy density of this system achieves 5 
90 kWh/m3. Paskevicius et al. [23] constructed and tested a MH-TES prototype-scale 6 
apparatus for the CSP application to assess the viability of the design. The hydrogen capacity 7 
of MgH2 MH has no significant reduction after 20 cycles up to 420oC. Besides, it was found 8 
that the design of heat transfer cell has a greater impact on the system performance than 9 
material preparation. Therefore, although the MH is promising in the application of the TES, 10 
the efficient heat transfer cell design of the TES based on the MH is also important [24,25]. 11 
Actually, many heat transfer cell designs have been employed in the metal hydride reactor 12 
(MHR), such as multi-tubular [26], helical coil heat exchanger [27,28], adding expanded 13 
graphite [29] or metal foam [30], compacted disc of the MH [31]. However, the researches 14 
mentioned above focused on the structure design of heat exchanger and the thermal 15 
conductivity improvement of the MH bed. Little attention is paid to how to enhance the heat 16 
transfer fluid. The boiling heat transfer of fluid has higher heat transfer coefficient than single-17 
phase fluid heat exchange [32]. Meanwhile, the steam generated by boiling process is 18 
compatible with the subsequent Rankine cycle in the CSP system. In addition, considering the 19 
interval between hydrogen absorption and desorption process in the MHR, storing a small part 20 
of heat in the phase change material (PCM) during hydrogen desorption process is beneficial 21 
to the temperature control and the rapid startup of the high temperature MH during the 22 
hydrogen absorption process. 23 
Therefore, a two-dimensional model of the MHR using multi-phase heat exchange 24 
(including boiling heat transfer and PCM heat storage) is proposed to estimate the performance 25 
of the MH-TES and its feasibility in the CSP application in this study. Based on the developed 26 
model, the effects of some key parameters including the thermal conductivity of the MH bed, 27 
the velocity of heat transfer fluid, and the hydrogen pressure are predicted to optimize the 28 
performance. Besides, the ideal Rankine cycle using the proposed MHR as steam generator is 29 
analyzed to provide some operation strategies for the TES system in the practical applications. 30 
This study contributes to the performance improvement and the efficient design of the TES in 31 
the practical application of the CSP system. 32 
 
 
 5 / 33 
 
2. Physical model 1 
Fig. 1 illustrates the schematic diagram of the CSP system coupled with the MH-TES 2 
using multi-phase heat exchange. During the daytime, the solar field is equivalent to a boiler 3 
for generating steam. Part of the steam is used for power generation, while the others drive the 4 
hydrogen desorption reaction of the MH to achieve the thermal energy storage. When 5 
considering the heat dissipation to external environment, the approach of storing part of heat 6 
into the PCM could maintain the temperature of the MHR at high level. In this way, relatively 7 
high temperature is prepared for hydrogen absorption process without extra heat device. 8 
During the nighttime, heat released by hydrogen absorption reaction is used for steam 9 
generation. The subcooled water at 3.5 MPa (with saturation temperature of 242.5oC) is first 10 
heated to 220oC by preheater, and then turned into steam in the MHR. The boiling process of 11 
the liquid significantly increases the heat transfer coefficient. It should be noted that the outlet 12 
fluid of the MHR may not be converted into steam completely. The superheater can complete 13 
the evaporation of the liquid and prevent the droplets from entering the turbine. Besides, many 14 
























Fig. 1 – The schematic diagram of the CSP system coupled with the MH-TES using 17 
multi-phase heat exchange. 18 
Fig. 2 presents the configuration of the designed MHR and the structured grid for 19 
simulation. In the center of MHR, a tube of 3 mm in radius is installed for heat transfer flow. 20 
Outside this tube, an annular tube with outer radius of 35 mm and inner radius of 3 mm is 21 
placed for MH bed. Then, a PCM layer of 3 mm surrounds the MH bed. The height of MHR 22 
is 70 mm. The thermal properties of the MgH2 bed (MH) and NaNO3 (PCM) are listed in the 23 
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Table 1 [33–35]. 1 
 2 
Fig. 2 - The configuration of MHR (a) and the structured grid for simulation (b). 3 
 4 
Table 1 – The thermal properties of MgH2 bed (MH) and NaNO3 (PCM) [33–35]. 5 
Property Value 
MgH2 (MH) 
Thermal conductivity, sλ  0.48 W/(m·K) 
Specific heat, psC  1545 J/(kg·K) 
Density, sρ  1800 kg/m3 
Porosity, ε  0.74 
Rate constant, aC  2.9×108 1/s 
Activation energy, aE  130 kJ/mol 
Reaction enthalpy, H∆  -75 kJ/mol 
Reaction entropy change, S∆  -135.6 J/(mol·K) 
Saturated mass content of hydrogen, wt  0.06 
NaNO3 (PCM) 
Melting temperature, mT  307oC 
Thermal conductivity, pλ  0.5 W/(m·K) 
Specific heat, ppC  1820 J/(kg·K) 
Density, pρ  2260 kg/m3 
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3. Numerical model 1 
3.1 Model assumptions 2 
To simplify the calculation, the following assumptions are applied in the numerical model: 3 
a) The hydrogen gas in the MHR is considered as ideal gas [36,37]; 4 
b) The thermal-physical properties of the MH and the PCM keep constant during 5 
hydrogen absorption/desorption processes [38,39]; 6 
c) The volume expansion and porosity variation of the MH bed during the reaction 7 
processes are negligible [40]; 8 
d) The pressure gradient in the MHR is negligible [41]; 9 
e) Natural convection within the MH bed and the PCM are negligible [42,43]; 10 
f) The local thermal equilibrium in the porous bed and two-phase flow is adopted [44,45]; 11 
g) The vapor is regarded as dispersed phase mixed in the continuous liquid phase; 12 
h) The drift velocity between the continuous phase and dispersed phase in the heat 13 
transfer fluid is not considered [46]; 14 
i) The heat preservation effect of thermal insulation material outside the PCM jacket is 15 
assumed to be perfect, indicating no heat loss to the surroundings. 16 
3.2 Governing equations 17 
The governing equations of the numerical model are divided into three parts according to 18 
the domain of the MH bed, the heat transfer fluid and the PCM. 19 
In the MH bed, the governing equations include mass conservation equation, reaction 20 
kinetics and energy conservation equation, listed as follows [47,48]: 21 








 (1) 23 
for the porous MH bed: 24 






 (2) 25 
where ε  is porosity of the MH bed; gρ  is density of hydrogen gas in the porous MH bed, 26 
kg/m3; sρ  is density of the MH, kg/m3; m
•
 denotes the reaction rate of hydrogen, kg/(m3·s), 27 
determined by reaction kinetics. 28 
The reaction kinetics of MgH2 can be written as [34]: 29 
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where X  is reaction fraction of the MH; 
aC  is rate constant, 1/s; aE  is activation energy, 2 
kJ/mol; gP  is hydrogen pressure, MPa; ,eq aP  is equilibrium pressure for hydrogen absorption, 3 
MPa; R  is universal gas constant, J/(mol·K); T  is temperature, K. 4 
The equilibrium pressure for hydrogen absorption is derived by Van't Hoff equation [49]: 5 





= −  (4) 6 
where refP  is reference pressure, refP = 0.1 MPa; H∆  is reaction enthalpy, kJ/mol H2; S∆  7 
is reaction entropy change, J/(mol H2·K). 8 
The relationship between the reaction rate and reaction fraction: 9 





−  (5) 10 
where wt  is saturated mass content of hydrogen in the MH. 11 
The energy conservation equation in the porous MH bed can be expressed as [50]: 12 
 eff eff( ) ( )p
g




= ∇⋅ ∇ +
∂
 (6) 13 
where eff( )pCρ  is effective volumetric heat capacity, J/(m3·K), given as Eq. (7); effλ  is 14 
effective thermal conductivity of the porous MH bed, W/(m·K), given as Eq. (8); gM  is 15 
molar mass of hydrogen gas, kg/mol. 16 
 eff( ) +(1- )p g pg s psC C Cρ ερ ε ρ=  (7) 17 
where pgC  is specific heat of hydrogen gas, J/(kg·K); psC  is specific heat of the MH, 18 
J/(kg·K). 19 
 eff (1 )g sλ ελ ε λ= + −  (8) 20 
where gλ  is thermal conductivity of hydrogen gas, W/(m·K); sλ  is thermal conductivity of 21 
the MH, W/(m·K). 22 
In the PCM, the heat transfer and storage process should be mainly considered. The 23 
energy conservation equation inside the PCM can be written as [51]: 24 
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 ( )+p pp p
TC T Q
t
ρ λ∂ = ∇⋅ ∇
∂
 (9) 1 
where pρ  is effective density of the PCM, kg/m3, written as Eq. (10); ppC  is effective 2 
specific heat of the PCM, J/(kg·K), expressed as Eq. (11); pλ  is effective thermal conductivity 3 
of the PCM, W/(m·K), expressed as Eq. (13); Q  denotes the heat into the PCM, W/m3. 4 
 phase1 phase2(1 )pρ θρ θ ρ= + −  (10) 5 
where θ  is melting fraction; phase1ρ  is density of solid-phase PCM, kg/m3; phase2ρ  is density 6 
of liquid-phase PCM, kg/m3. 7 
 mphase1 ,phase1 phase2 ,phase2
1 ( (1 ) )pp p p
p





= + − +
∂
 (11) 8 
where ,phase1pC  is specific heat of solid-phase PCM, J/(kg·K); ,phase2pC  is specific heat of 9 











 (12) 11 
 phase1 phase2(1 )pλ θλ θ λ= + −  (13) 12 
where phase1λ   is thermal conductivity of solid-phase PCM, W/(m ·K); phase2λ   is thermal 13 
conductivity of liquid-phase PCM, W/(m·K). 14 
In the heat transfer fluid, mixture model and k-ε turbulence model are employed to 15 
describe the state of two-phase flow. The equations can be listed as follows [52–54]: 16 
The properties of mixture, including the density, viscosity, thermal conductivity, specific 17 
heat, and enthalpy, are written respectively as: 18 
 (1 )d d d cρ φ ρ φ ρ= + −  (14) 19 
 (1 )d d d cµ φ µ φ µ= + −  (15) 20 
 (1 )d d d cλ φ λ φ λ= + −  (16) 21 
 (1 )p d pd d pcC x C x C= + −  (17) 22 
 ( )pc sat d cd p satH C T x H C T T= + ∆ + −  (18) 23 
where the subscript d and c denote the dispersed phase and continuous phase, respectively; 24 
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dφ   is void fraction, which denotes the volume fraction of dispersed phase; dx   is mass 1 
fraction of dispersed phase; satT   is saturated temperature; cdH∆   is latent heat of 2 
vaporization. 3 






∇⋅ = −j  (19) 5 
where cdm  denotes the mass transferred from continuous phase to dispersed phase. 6 
Void fraction equation: 7 







+ ⋅∇ = ∇⋅ ∇ +
∂
j  (20) 8 
 cd evap condm m m= +  (21) 9 


















 (23) 11 









































 (27) 15 
where D  is drift flux; eqφ  is thermal equilibrium void fraction; evapt  and condt  are time 16 
scales; eqx  is mass fraction of dispersed phase under thermal equilibrium condition. 17 
Momentum equation: 18 
 ( ) P
t
ρ ρ ρ∂ + ⋅∇ = −∇ −∇⋅ +
∂
j j j K g  (28) 19 
 ( )( ( ) )TTµ µ= + ∇ + ∇K j j  (29) 20 
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k equation: 1 
 [( ) ]T k
T
k k k P
t
µρ ρ µ ρε
σ
∂
+ ⋅∇ = ∇⋅ + ∇ + −
∂
j  (30) 2 
ε equation: 3 
 
2
1 2[( ) ]T kC P Ct k kε εε
µε ε ερ ρ ε µ ε ρ
σ
∂
+ ⋅∇ = ∇⋅ + ∇ + −
∂
j  (31) 4 
Energy equation: 5 
 ( ) ]p p T p cd cd
TC C T k k T Q m H
t
ρ ρ∂ + ⋅∇ = ∇⋅ + ∇ + + ∆
∂
u  (32) 6 
3.3 Boundary and initial conditions 7 






 (33) 9 
the inlet of fluid: 10 
 0.005 m/s;  493.15 Kin inu T= =  (34) 11 
the outlet of fluid: 12 
 3.5 MPaoutP =  (35) 13 
In the MH bed, the initial pressure is set to the hydrogen pressure; the initial temperature: 14 
 0, 0 0571.25 ( =0) or 583.15 K ( =1)MHT θ θ=  (36) 15 
where 0θ  is the initial melting fraction of the PCM. 16 
In the PCM, the initial temperature: 17 
 0, 0 0571.25 ( =0) or 583.15 K ( =1)PCMT θ θ=  (37) 18 
In the heat transfer fluid, the initial velocity and temperature: 19 
 0 0,;  in fluid inu u T T= =  (38) 20 
 21 
4. Model validation 22 
The numerical model is developed using commercial software COMSOL 23 
MULTIPHYSICS 5.2. In this model, three modules, including heat transfer in porous media, 24 
customized reaction dynamics, and k-ε mixture model, are employed to represent the heat and 25 
mass transfer behaviors in the MHR. The grid independence is first tested from 420 to 2376 26 
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domain units, as shown in Fig. 3(a). When the grid number increases up to 1590 domain units, 1 
the average reaction fraction at different times keeps almost unchanged with the increase of 2 
grid number. Therefore, 1590 domain units and 272 boundary units are considered to be 3 
appropriate for accurate simulation. As seen in Fig. 3(b), the time independence test shows 4 
that free time step can satisfy the computing accuracy. Therefore, free time step is employed 5 
for the following simulation. 6 



























 420 domain units, 142 boundary units
 943 domain units, 210 boundary units
 1590 domain units, 272 boundary units
























Fig. 3 – The grid independence verification (a) and the time independence test (b). 8 
The comparison between simulation data and experimental results [34,55] is carried out 9 
to validate the model. The reaction process of the MH and the boiling process of heat transfer 10 
fluid are validated respectively, as shown in Fig. 4. In the validation of the MHR, the hydrogen 11 
pressure loss caused by the porous filter is related to the hydrogen flow, resulting in the 12 
increase of pressure in the MHR over time. According to Fig. 4(a), the calculated reaction 13 
fraction and hydrogen pressure by simulation agree well with the experimental results. In the 14 
validation of boiling process, the heat transfer fluid at the pressure of 1, 2, and 3 bar 15 
(corresponding to saturation temperature 381, 401, and 415 K) is investigated. As seen in Fig. 16 
4(b), the simulation data shares the same tendency with the experimental results while certain 17 
difference exists in the numerical value. The difference can be explained by the massive 18 
assumptions of the mixture model and the constant properties setting in the simulation process 19 
of multi-phase flow. Therefore, the good agreement between the experiment and simulation 20 
can be observed on the whole, indicating that the established model in this work is accurate 21 
enough to describe the reaction and flow process. 22 
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Fig. 4 – Model validation for the MHR (a) and fluid boiling (b) [34,55]. 2 
 3 
5. Results and discussion 4 
5.1 Performance analysis 5 
In this model, the PCM is employed to store part of heat during the hydrogen desorption 6 
process to maintain the MHR at high temperature until hydrogen absorption process. When 7 
the hydrogen absorption process starts, the initial condition of the PCM can be completely 8 
melted (θ=1, good heat preservation) or solidified (θ=0, poor heat preservation) or in-between 9 
position. 10 
Herein, two extremes (θ=0 and 1) are considered, as shown in Fig. 5. The average 11 
temperature in the MHR rises up to about 630 K within 200 s due to the rapid hydrogen 12 
absorption reaction of the MH, and then decreases gradually. The completely solidified PCM 13 
causes the slight delay of temperature rise because of thermal storage capacity of the PCM. 14 
The average reaction fraction increases rapidly at the beginning 200 s due to low bed 15 
temperature and hydrogen concentration in the MH, and then linearly increases at relatively 16 
low speed. It can be seen that the completely solidified PCM helps to increase the average 17 
reaction fraction by about 0.1 than the completely melted PCM. In addition, the heat flux from 18 
the MH bed to the heat transfer fluid achieves 19 kW/m2, and the corresponding heat transfer 19 
coefficient is 135 W/(m2·K). By comparison, the heat transfer coefficient of the single-phase 20 
fluid is just 0.1 W/(m2·K) under the same temperature and fluid velocity, which is obtained by 21 
the Dittus and Boelter law [56]. The multi-phase exchange increases the heat transfer 22 
coefficient by three orders of magnitude than the single-phase heat exchange. 23 
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 Reaction fraction, θ=1
























Fig. 5 – The variation of average temperature and average reaction fraction at initial 2 
melting fraction θ=0 and 1. 3 
Fig. 6 displays the distributions of void fraction (in the heat transfer fluid, 0<x<3 mm), 4 
reaction fraction (in the MH bed domain, 3≤x≤35 mm), and melting fraction (in the PCM 5 
domain, 35<x<38 mm) at initial melting fraction θ=0 and 1. It is found that part of heat released 6 
by hydrogen absorption reaction is stored in the completely solidified PCM, thus increasing 7 
the reaction fraction of the MH. Nevertheless, the PCM has an impact on the MH bed which 8 
is close to the PCM only. In addition, the void fraction of heat transfer fluid achieves high 9 
level at the beginning, and then reduces over time. This can be explained by the low thermal 10 
conductivity of the MH bed and the increasing thermal resistant between the heat transfer fluid 11 
and heat source of reaction. Therefore, increasing the thermal conductivity of the MH bed is 12 
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0 s, θ=0  1 
Fig. 6 – The distributions of void fraction (in the fluid domain, 0<x<3 mm), reaction 2 
fraction (in the MH bed domain, 3≤x≤35 mm), and melting fraction (in the PCM 3 
domain, 35<x<38 mm) at initial melting fraction θ=0 and 1. 4 
 5 
5.2 The effect of the MH thermal conductivity 6 
According to the literature survey, adding expanded graphite in the MH bed is able to 7 
increase the thermal conductivity to as high as 100 W/(m·K) [57,58]. In this study, the thermal 8 
conductivity of the MH is increased from 0.5 to 1, 3, and 5 W/(m·K) by adding expanded 9 
graphite (volume percentage of 0.5%, 2.5%, and 4.5%, respectively) to investigate the effect 10 
of the MH thermal conductivity. The initial condition of the PCM is considered to be 11 
completely solidified. 12 
Fig. 7 presents the variation of temperature distribution in the MHR at different thermal 13 
conductivities over time. As seen in the graph, low thermal conductivity (0.5 or 1 W/(m·K)) 14 
results in uneven distribution of bed temperature. Away from heat transfer fluid, the 15 
temperature maintains at high level of 359.5oC, while the bed temperature near the heat 16 
transfer fluid is as low as 219.5oC. The poor heat transfer also limits the reaction rate. At 12000 17 
s, high temperature of 359.5oC still exists in some areas of the MHR, indicating the hydrogen 18 
absorption reaction is incomplete. With the increase of the MH thermal conductivity to 3 or 5 19 
W/(m·K), the high temperature area is enlarged significantly and even extends to heat transfer 20 
fluid before 10000 s when the hydrogen absorption reaction is complete. After that, the 21 
temperature in the MHR is reduced quickly without the reaction heat. 22 
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12000 s, λ=5  1 
Fig. 7 – The variation of temperature distribution in the MHR over time at different 2 
thermal conductivities (0.5, 1, 3, and 5 W/(m·K)). 3 
 4 
The thermal conductivity has a significant influence on the heat transfer fluid, as 5 
demonstrated in Fig. 8. Inside the tube, the subcooled heat transfer fluid from the preheater is 6 
first heated from 220oC to saturation temperature (242.5oC at 3.5 MPa). Then the heat 7 
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transferred to fluid is used for its evaporation which consumes a lot of heat. As seen in Fig. 1 
8(a), the low thermal conductivity leads to insufficient heat transfer to the fluid. The fluid 2 
reaches the saturation temperature at the vertical distance of 30 mm under 0.5 W/(m·K), and 3 
at the vertical distance of 15 mm under 1 W/(m·K). By comparison, the vertical distance for 4 
reaching saturation temperature is only 3 mm at the thermal conductivity of 3 and 5 W/(m·K). 5 
Similarly, the distance for fluid evaporation at high thermal conductivity is shorter than that at 6 
low thermal conductivity. 7 









































Fig. 8 – The variation of void fraction along the vertical distance at 5000 s (a) and the 9 
heat flux from the MH to heat transfer fluid (b) at different thermal conductivities. 10 
 11 
The heat flux from the MH to heat transfer fluid is calculated and shown in Fig. 8(b). 12 
Under all considered thermal conductivities, the heat flux decreases over time. At the low 13 
thermal conductivity of 0.5 W/(m·K), the heat flux reduces fast from 18.3 to 11.3 kW/m2, 14 
because large thermal resistant limits the heat flux from the MH to heat transfer fluid. At the 15 
higher thermal conductivity of 3 and 5 W/(m·K), the heat flux reduces at a low speed before 16 
the hydrogen absorption reaction is complete. For example, the heat flux decreases from about 17 
20 to 18 kW/m2 before 10000 s under the thermal conductivity of 5 W/(m·K). The slow 18 
reduction in the heat flux not only enhances the heat transfer between the MH bed and heat 19 
transfer fluid and accelerates the reaction during the whole hydrogen absorption process, but 20 
also contributes to the stability of the steam quality, thus simplifying the operation of 21 
superheater. Therefore, increasing the thermal conductivity of the MH bed is an important 22 
auxiliary method to obtain better performance of heat transfer for the MH-TES using multi-23 
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5.3 The effect of fluid velocity 1 
The fluid velocity is another key parameter for the design of the MHR, which determines 2 
the heat transfer performance and the steam quality. In this study, the fluid velocity of 0.0025, 3 
0.0050, 0.0075, and 0.0100 m/s is set to test the effect of the fluid velocity on the heat transfer 4 
performance. The initial condition of the PCM is set to solidification, and the thermal 5 
conductivity of the MH bed is set to 0.5 W/(m·K). 6 
The variation of the average reaction fraction of the MH and the average temperature in 7 
the MHR over time at different fluid velocities is shown in Fig. 9. At a low fluid velocity of 8 
0.0025 m/s, the temperature in the MHR is distinctly higher than that at the larger fluid 9 
velocities. At 12000 s, the average temperature in the MHR is still about 621 K. The high 10 
temperature in the MHR reduces the hydrogen absorption reaction rate. The reaction fraction 11 
at 12000 s under 0.0025 m/s is 0.7, about 0.2 lower than the other cases with the higher fluid 12 
velocities. Therefore, these results reveal that the heat transfer fluid at the velocity of 0.0025 13 
m/s provides insufficient heat exchange for the MHR. The heat transfer from the MH bed to 14 
the heat transfer fluid cannot be taken away by fluid flow in time, resulting in the heat 15 
accumulation in the MHR. At the fluid velocity of more than 0.0050 m/s, the average reaction 16 
fraction and the average temperature in the MHR are similar. Further increasing the fluid 17 
velocity makes no substantial change to the MHR performance. This is because the heat 18 
transfer process is dominated by the heat conduction in the MH bed at high heat transfer 19 
coefficient. 20 


















































Fig. 9 – The variation of the average reaction fraction of the MH (a) and the average 22 
temperature in the MHR (b) over time at different fluid velocities. 23 
Besides, increasing the fluid velocity is not beneficial to the evaporation of the heat 24 
transfer fluid, as seen in Fig. 10(a). At high fluid velocity, the void fraction at the outlet of the 25 
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heat transfer fluid is reduced dramatically, from 0.85 at 0.0025 m/s to 0.05 at 0.0100 m/s. 1 
Because the heat allocated to a unit mass of fluid decreases. Fig. 10(b) displays the heat flux 2 
from the MH to heat transfer fluid at different fluid velocities. At a high fluid velocity of over 3 
0.0050 m/s, increasing the fluid velocity contributes to the improvement of heat flux before 4 
2000 s, while the heat flux is quite close after 2000 s. In consequence, the increase of fluid 5 
velocity leads to the aggravation of uneven heat transfer during the whole hydrogen absorption 6 
process. By contrast, the heat flux at the fluid velocity of 0.0025 m/s maintains at a low 7 
constant value, which is about 10 kW/m2. 8 








































Fig. 10 – The variation of void fraction along the vertical distance at 5000 s (a) and the 10 
heat flux from the MH to heat transfer fluid (b) at different fluid velocities. 11 
 12 
Based on the above analyses, low thermal conductivity combined with fast fluid velocity 13 
causes the dramatic decrease of heat flux over time, and further leads to the instability of steam 14 
quality. High thermal conductivity combined with slow fluid velocity limits the heat transfer 15 
to fluid, thus decreasing the heat transfer coefficient. Therefore, it can be found that the thermal 16 
conductivity of the MH bed and the velocity of the heat transfer fluid should match well to 17 
enhance the heat transfer and ensure the stability of steam quality. From Fig. 8(b), the thermal 18 
conductivity of 3 and 5 W/(m·K) should be combined with the fluid velocity of 0.0050 m/s, 19 
which increases the heat flux to about 19 kW/m2. From Fig. 10(b), the thermal conductivity 20 
of 0.5 W/(m·K) should be combined with the fluid velocity of 0.0025 m/s, and the 21 
corresponding heat flux is about 10 kW/m2. 22 
 23 
5.4 The effect of hydrogen pressure 24 
For the hydrogen absorption reaction, the pressure difference between hydrogen pressure 25 
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and equilibrium pressure (related to temperature) is the driving force. In this part, hydrogen 1 
pressure of 0.6, 0.8, 1.0, and 1.2 MPa is applied in the MHR to predict the effect of hydrogen 2 
pressure. The initial condition of the PCM is considered to be completely solidified, and the 3 
thermal conductivity and the fluid velocity are set as 0.5 W/(m·K) and 0.0050 m/s, respectively. 4 
The variation of temperature distribution in the MHR over time at different hydrogen 5 
pressures is presented in Fig. 11. From the graph, the higher hydrogen pressure leads to the 6 
higher temperature in the MHR. The maximum temperature in the MHR is 339.5 K for 0.6 7 
MPa, 359.5 K for 0.8 MPa, 371 K for 1.0 MPa, and 379.5 K for 1.2 MPa. Meanwhile, the high 8 
temperature area is found to reduce over time due to that the heat transfer fluid takes the 9 
reaction heat away. On the other hand, with the increase of hydrogen pressure, the high 10 
temperature area at the end of hydrogen absorption process concentrates on the upper right 11 
corner. This is because high temperature difference between MH bed and heat transfer fluid 12 
improves the heat transfer performance at the inlet more obviously than that at the outlet. 13 
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12000 s, P=1.2  1 
Fig. 11 – The variation of temperature distribution in the MHR over time at different 2 
hydrogen pressures (0.6, 0.8, 1.0, and 1.2 MPa). 3 
 4 
Fig. 12 presents the average reaction fraction of the MH and the void fraction along the 5 
vertical distance at 5000 s. As seen in Fig. 12(a), the average reaction fraction at 12000 s is 6 
increased from 0.83 under 0.6 MPa to 0.97 under 1.2 MPa. Accordingly, the evaporation rate 7 
of the heat transfer fluid is increased at the higher hydrogen pressure, as seen in Fig. 12(b). 8 
Nevertheless, the impact of the hydrogen pressure on the hydrogen absorption reaction is slight 9 
compared with the thermal conductivity of the MH bed and the fluid velocity. 10 
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Fig. 12 – The average reaction fraction of the MH (a) and the void fraction along the 2 
vertical distance at 5000 s (b). 3 
 4 
5.5 System performance 5 
In this study, ideal Rankine cycle is employed to estimate the performance of MH-TES 6 
using multi-phase heat exchange and its feasibility in the application of the CSP system. The 7 
outlet temperature and the void fraction of the heat transfer fluid are set as 242.5oC and 0.85 8 
according to the above-mentioned results, respectively. The superheater is assumed to enable 9 
to heat the fluid up to 400oC. Besides, pump power and the pressure drop in the tube are 10 
neglected. 11 
Fig. 13 displays the temperature-entropy diagram of the Rankine cycle with/without 12 
reheating cycle. Without reheating cycle, the steam of 400oC is transformed into saturated 13 
steam of 150oC at the outlet of the turbine. Then, the saturated steam of 150oC is cooled to 14 
saturated water in the condenser, which results in large energy waste and is inadvisable in the 15 
practice. By comparison, with the reheating cycle, the saturated steam of 150oC from the 16 
turbine is reheated to 359.5oC (the maximum temperature in the MH bed at hydrogen 17 
absorption of 0.77 MPa) by the MHR and then elevated to 400oC by superheater. The 18 
superheated steam enters the turbine again to generated electricity. In this case, the outlet 19 
temperature of the turbine is further decreased to 65.6oC. 20 
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Fig. 13 – The analysis of Rankine cycle using MH-TES as steam generator: without 2 
reheating cycle (a) and with reheating cycle (b). 3 
 4 
The proportion of energy exchange in each component in the CSP system is shown in Fig. 5 
14. The main energy supply components include the preheater, the MHR and the superheater. 6 
Among the three components, the MHR provides about 60% energy supply with or without 7 
reheating cycle. Comparing with the system without reheating cycle, the energy for turbine 8 
work is increased from 9.21% to 16.27%, while the energy consumed by the condenser is 9 
reduced to 33.73% in the system with reheating cycle. As a result, the efficiency of the system 10 
is increased from 18.4% to 30.8%, which is comparable to the previously reported efficiency 11 
of 39.2% [59]. The relatively higher efficiency reported previously depends on the higher 12 
steam temperature. In this literature, CaO/Ca(OH)2 is used as the thermochemical storage 13 
material, which increases the steam temperature to 500oC. Therefore, the efficiency of the 14 
system proposed in this study can be further improved by raising the steam temperature. The 15 
steam with the higher temperature can increase the turbine work and reduce the temperature 16 
of the condenser to ambient temperature. This measure can be achieved by increasing the 17 
hydrogen pressure or the superheater temperature. 18 
 
 



























Fig. 14 – The proportion of energy exchange in each component in the CSP system. 2 
 3 
6. Conclusions 4 
In this paper, a two-dimensional model of the MHR using multi-phase heat exchange is 5 
established to describe the heat and mass transfer behavior and estimate the heat transfer 6 
performance. Based on the developed model, the effects of the key parameters, including 7 
thermal conductivity of the MH bed, the fluid velocity, and the hydrogen pressure, on the heat 8 
transfer performance of the MHR are investigated for performance optimization. Besides, an 9 
ideal Rankine cycle is employed to predict the system performance of the MH-TES using the 10 
MHR as steam generator and provide some operation strategies for the MHR. The conclusions 11 
can be drawn as follows: 12 
 The completely solidified PCM helps to increase the average reaction fraction by 13 
about 0.1 than the completely melting PCM, while the initial condition of the PCM has almost 14 
no impact on the evaporation of the heat transfer fluid. 15 
 Increasing the thermal conductivity of the MH bed by adding expended graphite is 16 
beneficial to the heat transfer from the MH bed to heat transfer fluid. The hydrogen absorption 17 
reaction can be complete before 10000 s. The heat flux maintains at a relatively constant value, 18 
which is about 19 kW/m2 at 5 W/(m·K). 19 
 The increase of the fluid velocity leads to the decrease of void fraction of the heat 20 
transfer fluid at the outlet, which may raise the load of the superheater. It is found that the fluid 21 
velocity should match well with the thermal conductivity of the MH bed to keep the uniform 22 
heat exchange during the hydrogen absorption process. For the thermal conductivity of 3 or 5 23 
W/(m·K), the fluid velocity of 0.0050 m/s can maintain the heat flux at 19 kW/m2, and 0.0025 24 
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m/s with 0.5 W/(m·K) corresponds to 10 kW/m2. 1 
 Higher hydrogen pressure increases the temperature in the MH bed, the maximum 2 
temperature reaching 379.5 oC for 1.2 MPa. The effect of the hydrogen absorption on the heat 3 
transfer performance is slight. 4 
 In the MH-TES system, reheating cycle contributes to increase the turbine work and 5 
reduces the temperature of the condenser, thus increasing the efficiency to 30.8%. Raising the 6 
steam temperature by increasing the hydrogen pressure in the MHR or increasing the 7 
superheater temperature is suggested for the operation of the MH-TES. 8 
 9 
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CSP Concentrated solar power 
MH Metal hydride 
MH-TES Metal hydride based thermal energy storage 
MHR Metal hydride reactor 
PCM Phase change material 
TCS Thermochemical storage 
TES Thermal energy storage 
Symbol 
C  Rate constant, 1/s 
pC  Specific heat, J/(kg·K) 
D  Drift flux 
E  Activation energy, kJ/mol 
g  Gravity vector, N/kg 
H  Enthalpy, kJ/mol 
j  Velocity vector, m/s 
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K  Constant 
L  Latent heat of phase change material 
m
•
 Reaction rate of hydrogen, kg/(m
3·s) 
m  Transferred mass, kg 
M  Molar mass, kg/mol 
P  Pressure, MPa 
Q  The heat source, W/m3 
R  The universal gas constant, J/(mol·K) 
T  Temperature, K 
t  Time, s 
x  Mass fraction 
X  Reaction fraction of the metal hydride 
u  Velocity in the vertical direction 
wt  Saturated mass content of hydrogen 
λ  Thermal conductivity, W/(m·K) 
ε  Porosity 
ρ  Density, kg/m3 
θ  Melting fraction 
φ  Volume fraction 
µ  Viscosity, Pa·s 
H∆  Enthalpy change, kJ/mol 
S∆  Reaction entropy change, J/(mol·K) 
Subscript 
a Hydrogen absorption 
c Continuous phase in the heat transfer fluid 
cd Transferred from continuous phase to dispersed phase 
cond Condensation process 
d Dispersed phase in the heat transfer fluid 
eff Effective 
eq Equilibrium state 
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evap Vaporization process 
fliud Heat transfer fluid 
g Hydrogen gas 
in Inlet 
m Melting 
MH Metal hydride 
out Outlet 
p Phase change 
PCM Phase change material 
phase1 Solid phase of phase change material 
phase1 Liquid phase of phase change material 
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Abstract 1 
Thermal energy storage system is of great significance for the concentrated solar power 2 
system to keep the balance between power generation and demand. Metal hydride based 3 
thermal energy storage system is regarded as a promising method due to its good reversibility, 4 
low cost, and no by-product. Multi-phase heat exchange has much higher heat transfer 5 
coefficient than single-phase fluid heat exchange, thus facilitating the steam generation. In this 6 
study, a two-dimensional model of the metal hydride reactor using multi-phase heat exchange 7 
is proposed to estimate the performance and its feasibility of application in the concentrated 8 
solar power system. The results show that the velocity of the heat transfer fluid should match 9 
well with the thermal conductivity of the metal hydride bed to maintain the heat flux at a 10 
relatively constant value. The match of thermal conductivity of 3 or 5 W/(m·K) and fluid 11 
velocity of 0.0050 m/s results in the heat flux up to about 19 kW/m2, which is increased by 3 12 
orders of magnitude than single-phase heat exchange. In the thermal energy storage system, 13 
the reheating cycle is recommended to improve the utilization of the thermal energy. The 14 
efficiency of the system could be improved from 18.4% to 30.8% using the reheating cycle. 15 
The increased efficiency is comparable to the previously reported efficiency of 39.2%. Besides, 16 
the operation strategy of raising the steam temperature by increasing the hydrogen pressure or 17 
the superheater temperature is suggested for the system to obtain higher efficiency. 18 
 19 
Key words: metal hydride; thermal energy storage; heat exchange; phase change material; 20 
power system. 21 
  22 
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1. Introduction 1 
The development of human society depends on the energy consumption. Fossil fuels 2 
(including coal, petroleum and nature gas) have made enormous contribution to the energy 3 
supply of human beings in the past centuries [1,2]. However, fossil fuels are non-renewable, 4 
and the heavy use of fossil fuels leads to severe environmental pollution [3,4]. By contrast, 5 
solar energy is clean and renewable, which has a wide distribution and large reserve [5]. 6 
During the recent years, more and more concentrated solar power (CSP) system has been built 7 
around the world, indicating the huge potential of solar energy market [6,7]. 8 
In the CSP system, due to the various light condition and power demand of users over a 9 
day, thermal energy storage (TES) is always equipped to keep the balance between power 10 
generation and demand [8,9]. During the daytime, solar energy is collected and converted into 11 
thermal energy. Part of the thermal energy is used to generate power directly, while the rest is 12 
stored in the TES system. During the nighttime, the thermal energy stored in the TES system 13 
is released and used to generate power. The TES plays an important role in the control of 14 
power generation and the efficient utilization of solar energy [10]. At present, sensible thermal 15 
storage, latent thermal storage and thermochemical storage (TCS) are three main approaches 16 
applied for the TES [11,12]. The energy density of the sensible and latent thermal storage is 17 
about 108 and 360 kJ/kg, respectively [13,14]. Compared with these two approaches, the TCS 18 
is able to achieve significantly higher energy density, about 2800 kJ/kg for metal hydride 19 
MgH2 [15,16]. Besides, the storage duration of the TCS can be indefinitely long in theory [17]. 20 
Given these advantages, the TCS attracts extensive attentions [18,19]. 21 
There are plenty of materials suitable for the TCS, such as metal hydrides (MgH2, CaH2), 22 
carbonates (CaCO3, BaCO3), hydroxides (Mg(OH)2, Ca(OH)2), etc. [20]. Among these 23 
materials, metal hydrides (MH) have the advantages of good reversibility, low cost, no by-24 
product and large experimental feedback, which are considered as a promising contender for 25 
the TES in the CSP system [19,21]. The thermal storage process of the MH is achieved by a 26 
reversible chemical reaction. During the daytime, the heat from solar energy results in the 27 
hydrogen desorption of the MH. The hydrogen desorption reaction is endothermic, thus the 28 
thermal energy storage is realized. During the nighttime, hydrogen is supplied to the MH. The 29 
reaction between hydrogen and the MH occurs with the release of a large quantity of heat, 30 
indicating that the stored thermal energy is released. 31 
Several numerical and experimental researches employing the MH for the TCS in the 32 
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CSP system have been reported in recent years. Mellouli et al. [22] proposed a novel metal 1 
hydride based TES (MH-TES), which coupled high temperature MH Mg2FeH6 for thermal 2 
storage and low temperature MH Na3AlH6 for hydrogen storage. The feasibility and 3 
performance of the TES was estimated by numerical model. The results showed that 96% of 4 
solar energy can be recovered by the MH-TES and the energy density of this system achieves 5 
90 kWh/m3. Paskevicius et al. [23] constructed and tested a MH-TES prototype-scale 6 
apparatus for the CSP application to assess the viability of the design. The hydrogen capacity 7 
of MgH2 MH has no significant reduction after 20 cycles up to 420oC. Besides, it was found 8 
that the design of heat transfer cell has a greater impact on the system performance than 9 
material preparation. Therefore, although the MH is promising in the application of the TES, 10 
the efficient heat transfer cell design of the TES based on the MH is also important [24,25]. 11 
Actually, many heat transfer cell designs have been employed in the metal hydride reactor 12 
(MHR), such as multi-tubular [26], helical coil heat exchanger [27,28], adding expanded 13 
graphite [29] or metal foam [30], compacted disc of the MH [31]. However, the researches 14 
mentioned above focused on the structure design of heat exchanger and the thermal 15 
conductivity improvement of the MH bed. Little attention is paid to how to enhance the heat 16 
transfer fluid. The boiling heat transfer of fluid has higher heat transfer coefficient than single-17 
phase fluid heat exchange [32]. Meanwhile, the steam generated by boiling process is 18 
compatible with the subsequent Rankine cycle in the CSP system. In addition, considering the 19 
interval between hydrogen absorption and desorption process in the MHR, storing a small part 20 
of heat in the phase change material (PCM) during hydrogen desorption process is beneficial 21 
to the temperature control and the rapid startup of the high temperature MH during the 22 
hydrogen absorption process. 23 
Therefore, a two-dimensional model of the MHR using multi-phase heat exchange 24 
(including boiling heat transfer and PCM heat storage) is proposed to estimate the performance 25 
of the MH-TES and its feasibility in the CSP application in this study. Based on the developed 26 
model, the effects of some key parameters including the thermal conductivity of the MH bed, 27 
the velocity of heat transfer fluid, and the hydrogen pressure are predicted to optimize the 28 
performance. Besides, the ideal Rankine cycle using the proposed MHR as steam generator is 29 
analyzed to provide some operation strategies for the TES system in the practical applications. 30 
This study contributes to the performance improvement and the efficient design of the TES in 31 
the practical application of the CSP system. 32 
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2. Physical model 1 
Fig. 1 illustrates the schematic diagram of the CSP system coupled with the MH-TES 2 
using multi-phase heat exchange. During the daytime, the solar field is equivalent to a boiler 3 
for generating steam. Part of the steam is used for power generation, while the others drive the 4 
hydrogen desorption reaction of the MH to achieve the thermal energy storage. When 5 
considering the heat dissipation to external environment, the approach of storing part of heat 6 
into the PCM could maintain the temperature of the MHR at high level. In this way, relatively 7 
high temperature is prepared for hydrogen absorption process without extra heat device. 8 
During the nighttime, heat released by hydrogen absorption reaction is used for steam 9 
generation. The subcooled water at 3.5 MPa (with saturation temperature of 242.5oC) is first 10 
heated to 220oC by preheater, and then turned into steam in the MHR. The boiling process of 11 
the liquid significantly increases the heat transfer coefficient. It should be noted that the outlet 12 
fluid of the MHR may not be converted into steam completely. The superheater can complete 13 
the evaporation of the liquid and prevent the droplets from entering the turbine. Besides, many 14 
























Fig. 1 – The schematic diagram of the CSP system coupled with the MH-TES using 17 
multi-phase heat exchange. 18 
Fig. 2 presents the configuration of the designed MHR and the structured grid for 19 
simulation. In the center of MHR, a tube of 3 mm in radius is installed for heat transfer flow. 20 
Outside this tube, an annular tube with outer radius of 35 mm and inner radius of 3 mm is 21 
placed for MH bed. Then, a PCM layer of 3 mm surrounds the MH bed. The height of MHR 22 
is 70 mm. The thermal properties of the MgH2 bed (MH) and NaNO3 (PCM) are listed in the 23 
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Table 1 [33–35]. 1 
 2 
Fig. 2 - The configuration of MHR (a) and the structured grid for simulation (b). 3 
 4 
Table 1 – The thermal properties of MgH2 bed (MH) and NaNO3 (PCM) [33–35]. 5 
Property Value 
MgH2 (MH) 
Thermal conductivity, sλ  0.48 W/(m·K) 
Specific heat, psC  1545 J/(kg·K) 
Density, sρ  1800 kg/m3 
Porosity, ε  0.74 
Rate constant, aC  2.9×108 1/s 
Activation energy, aE  130 kJ/mol 
Reaction enthalpy, H∆  -75 kJ/mol 
Reaction entropy change, S∆  -135.6 J/(mol·K) 
Saturated mass content of hydrogen, wt  0.06 
NaNO3 (PCM) 
Melting temperature, mT  307oC 
Thermal conductivity, pλ  0.5 W/(m·K) 
Specific heat, ppC  1820 J/(kg·K) 
Density, pρ  2260 kg/m3 
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3. Numerical model 1 
3.1 Model assumptions 2 
To simplify the calculation, the following assumptions are applied in the numerical model: 3 
a) The hydrogen gas in the MHR is considered as ideal gas [36,37]; 4 
b) The thermal-physical properties of the MH and the PCM keep constant during 5 
hydrogen absorption/desorption processes [38,39]; 6 
c) The volume expansion and porosity variation of the MH bed during the reaction 7 
processes are negligible [40]; 8 
d) The pressure gradient in the MHR is negligible [41]; 9 
e) Natural convection within the MH bed and the PCM are negligible [42,43]; 10 
f) The local thermal equilibrium in the porous bed and two-phase flow is adopted [44,45]; 11 
g) The vapor is regarded as dispersed phase mixed in the continuous liquid phase; 12 
h) The drift velocity between the continuous phase and dispersed phase in the heat 13 
transfer fluid is not considered [46]; 14 
i) The heat preservation effect of thermal insulation material outside the PCM jacket is 15 
assumed to be perfect, indicating no heat loss to the surroundings. 16 
3.2 Governing equations 17 
The governing equations of the numerical model are divided into three parts according to 18 
the domain of the MH bed, the heat transfer fluid and the PCM. 19 
In the MH bed, the governing equations include mass conservation equation, reaction 20 
kinetics and energy conservation equation, listed as follows [47,48]: 21 








 (1) 23 
for the porous MH bed: 24 






 (2) 25 
where ε  is porosity of the MH bed; gρ  is density of hydrogen gas in the porous MH bed, 26 
kg/m3; sρ  is density of the MH, kg/m3; m
•
 denotes the reaction rate of hydrogen, kg/(m3·s), 27 
determined by reaction kinetics. 28 
The reaction kinetics of MgH2 can be written as [34]: 29 
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 (3) 1 
where X  is reaction fraction of the MH; aC  is rate constant, 1/s; aE  is activation energy, 2 
kJ/mol; gP  is hydrogen pressure, MPa; ,eq aP  is equilibrium pressure for hydrogen absorption, 3 
MPa; R  is universal gas constant, J/(mol·K); T  is temperature, K. 4 
The equilibrium pressure for hydrogen absorption is derived by Van't Hoff equation [49]: 5 





= −  (4) 6 
where refP  is reference pressure, refP = 0.1 MPa; H∆  is reaction enthalpy, kJ/mol H2; S∆  7 
is reaction entropy change, J/(mol H2·K). 8 
The relationship between the reaction rate and reaction fraction: 9 





−  (5) 10 
where wt  is saturated mass content of hydrogen in the MH. 11 
The energy conservation equation in the porous MH bed can be expressed as [50]: 12 
 eff eff( ) ( )p
g




= ∇⋅ ∇ +
∂
 (6) 13 
where eff( )pCρ  is effective volumetric heat capacity, J/(m3·K), given as Eq. (7); effλ  is 14 
effective thermal conductivity of the porous MH bed, W/(m·K), given as Eq. (8); gM  is molar 15 
mass of hydrogen gas, kg/mol. 16 
 eff( ) +(1- )p g pg s psC C Cρ ερ ε ρ=  (7) 17 
where pgC  is specific heat of hydrogen gas, J/(kg·K); psC  is specific heat of the MH, 18 
J/(kg·K). 19 
 eff (1 )g sλ ελ ε λ= + −  (8) 20 
where gλ  is thermal conductivity of hydrogen gas, W/(m·K); sλ  is thermal conductivity of 21 
the MH, W/(m·K). 22 
In the PCM, the heat transfer and storage process should be mainly considered. The 23 
energy conservation equation inside the PCM can be written as [51]: 24 
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 ( )+p pp p
TC T Q
t
ρ λ∂ = ∇⋅ ∇
∂
 (9) 1 
where pρ  is effective density of the PCM, kg/m3, written as Eq. (10); ppC  is effective 2 
specific heat of the PCM, J/(kg·K), expressed as Eq. (11); pλ  is effective thermal conductivity 3 
of the PCM, W/(m·K), expressed as Eq. (13); Q  denotes the heat into the PCM, W/m3. 4 
 phase1 phase2(1 )pρ θρ θ ρ= + −  (10) 5 
where θ  is melting fraction; phase1ρ  is density of solid-phase PCM, kg/m3; phase2ρ  is density 6 
of liquid-phase PCM, kg/m3. 7 
 mphase1 ,phase1 phase2 ,phase2
1 ( (1 ) )pp p p
p





= + − +
∂
 (11) 8 
where ,phase1pC  is specific heat of solid-phase PCM, J/(kg·K); ,phase2pC  is specific heat of 9 











 (12) 11 
 phase1 phase2(1 )pλ θλ θ λ= + −  (13) 12 
where phase1λ   is thermal conductivity of solid-phase PCM, W/(m ·K); phase2λ   is thermal 13 
conductivity of liquid-phase PCM, W/(m·K). 14 
In the heat transfer fluid, mixture model and k-ε turbulence model are employed to 15 
describe the state of two-phase flow. The equations can be listed as follows [52–54]: 16 
The properties of mixture, including the density, viscosity, thermal conductivity, specific 17 
heat, and enthalpy, are written respectively as: 18 
 (1 )d d d cρ φ ρ φ ρ= + −  (14) 19 
 (1 )d d d cµ φ µ φ µ= + −  (15) 20 
 (1 )d d d cλ φ λ φ λ= + −  (16) 21 
 (1 )p d pd d pcC x C x C= + −  (17) 22 
 ( )pc sat d cd p satH C T x H C T T= + ∆ + −  (18) 23 
where the subscript d and c denote the dispersed phase and continuous phase, respectively; 24 
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dφ   is void fraction, which denotes the volume fraction of dispersed phase; dx   is mass 1 
fraction of dispersed phase; satT   is saturated temperature; cdH∆   is latent heat of 2 
vaporization. 3 






∇⋅ = −j  (19) 5 
where cdm  denotes the mass transferred from continuous phase to dispersed phase. 6 
Void fraction equation: 7 







+ ⋅∇ = ∇⋅ ∇ +
∂
j  (20) 8 
 cd evap condm m m= +  (21) 9 


















 (23) 11 









































 (27) 15 
where D  is drift flux; eqφ  is thermal equilibrium void fraction; evapt  and condt  are time 16 
scales; eqx  is mass fraction of dispersed phase under thermal equilibrium condition. 17 
Momentum equation: 18 
 ( ) P
t
ρ ρ ρ∂ + ⋅∇ = −∇ −∇⋅ +
∂
j j j K g  (28) 19 
 ( )( ( ) )TTµ µ= + ∇ + ∇K j j  (29) 20 
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k equation: 1 
 [( ) ]T k
T
k k k P
t
µρ ρ µ ρε
σ
∂
+ ⋅∇ = ∇⋅ + ∇ + −
∂
j  (30) 2 
ε equation: 3 
 
2
1 2[( ) ]T kC P Ct k kε εε
µε ε ερ ρ ε µ ε ρ
σ
∂
+ ⋅∇ = ∇⋅ + ∇ + −
∂
j  (31) 4 
Energy equation: 5 
 ( ) ]p p T p cd cd
TC C T k k T Q m H
t
ρ ρ∂ + ⋅∇ = ∇⋅ + ∇ + + ∆
∂
u  (32) 6 
3.3 Boundary and initial conditions 7 






 (33) 9 
the inlet of fluid: 10 
 0.005 m/s;  493.15 Kin inu T= =  (34) 11 
the outlet of fluid: 12 
 3.5 MPaoutP =  (35) 13 
In the MH bed, the initial pressure is set to the hydrogen pressure; the initial temperature: 14 
 0, 0 0571.25 ( =0) or 583.15 K ( =1)MHT θ θ=  (36) 15 
where 0θ  is the initial melting fraction of the PCM. 16 
In the PCM, the initial temperature: 17 
 0, 0 0571.25 ( =0) or 583.15 K ( =1)PCMT θ θ=  (37) 18 
In the heat transfer fluid, the initial velocity and temperature: 19 
 0 0,;  in fluid inu u T T= =  (38) 20 
 21 
4. Model validation 22 
The numerical model is developed using commercial software COMSOL 23 
MULTIPHYSICS 5.2. In this model, three modules, including heat transfer in porous media, 24 
customized reaction dynamics, and k-ε mixture model, are employed to represent the heat and 25 
mass transfer behaviors in the MHR. The grid independence is first tested from 420 to 2376 26 
domain units, as shown in Fig. 3(a). When the grid number increases up to 1590 domain units, 27 
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the average reaction fraction at different times keeps almost unchanged with the increase of 1 
grid number. Therefore, 1590 domain units and 272 boundary units are considered to be 2 
appropriate for accurate simulation. As seen in Fig. 3(b), the time independence test shows 3 
that free time step can satisfy the computing accuracy. Therefore, free time step is employed 4 
for the following simulation. 5 



























 420 domain units, 142 boundary units
 943 domain units, 210 boundary units
 1590 domain units, 272 boundary units
























Fig. 3 – The grid independence verification (a) and the time independence test (b). 7 
The comparison between simulation data and experimental results [34,55] is carried out 8 
to validate the model. The reaction process of the MH and the boiling process of heat transfer 9 
fluid are validated respectively, as shown in Fig. 4. In the validation of the MHR, the hydrogen 10 
pressure loss caused by the porous filter is related to the hydrogen flow, resulting in the 11 
increase of pressure in the MHR over time. According to Fig. 4(a), the calculated reaction 12 
fraction and hydrogen pressure by simulation agree well with the experimental results. In the 13 
validation of boiling process, the heat transfer fluid at the pressure of 1, 2, and 3 bar 14 
(corresponding to saturation temperature 381, 401, and 415 K) is investigated. As seen in Fig. 15 
4(b), the simulation data shares the same tendency with the experimental results while certain 16 
difference exists in the numerical value. The difference can be explained by the massive 17 
assumptions of the mixture model and the constant properties setting in the simulation process 18 
of multi-phase flow. Therefore, the good agreement between the experiment and simulation 19 
can be observed on the whole, indicating that the established model in this work is accurate 20 
enough to describe the reaction and flow process. 21 
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Fig. 4 – Model validation for the MHR (a) and fluid boiling (b) [34,55]. 2 
 3 
5. Results and discussion 4 
5.1 Performance analysis 5 
In this model, the PCM is employed to store part of heat during the hydrogen desorption 6 
process to maintain the MHR at high temperature until hydrogen absorption process. When 7 
the hydrogen absorption process starts, the initial condition of the PCM can be completely 8 
melted (θ=1, good heat preservation) or solidified (θ=0, poor heat preservation) or in-between 9 
position. 10 
Herein, two extremes (θ=0 and 1) are considered, as shown in Fig. 5. The average 11 
temperature in the MHR rises up to about 630 K within 200 s due to the rapid hydrogen 12 
absorption reaction of the MH, and then decreases gradually. The completely solidified PCM 13 
causes the slight delay of temperature rise because of thermal storage capacity of the PCM. 14 
The average reaction fraction increases rapidly at the beginning 200 s due to low bed 15 
temperature and hydrogen concentration in the MH, and then linearly increases at relatively 16 
low speed. It can be seen that the completely solidified PCM helps to increase the average 17 
reaction fraction by about 0.1 than the completely melted PCM. In addition, the heat flux from 18 
the MH bed to the heat transfer fluid achieves 19 kW/m2, and the corresponding heat transfer 19 
coefficient is 135 W/(m2·K). By comparison, the heat transfer coefficient of the single-phase 20 
fluid is just 0.1 W/(m2·K) under the same temperature and fluid velocity, which is obtained by 21 
the Dittus and Boelter law [56]. The multi-phase exchange increases the heat transfer 22 
coefficient by three orders of magnitude than the single-phase heat exchange. 23 
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Fig. 5 – The variation of average temperature and average reaction fraction at initial 2 
melting fraction θ=0 and 1. 3 
Fig. 6 displays the distributions of void fraction (in the heat transfer fluid, 0<x<3 mm), 4 
reaction fraction (in the MH bed domain, 3≤x≤35 mm), and melting fraction (in the PCM 5 
domain, 35<x<38 mm) at initial melting fraction θ=0 and 1. It is found that part of heat released 6 
by hydrogen absorption reaction is stored in the completely solidified PCM, thus increasing 7 
the reaction fraction of the MH. Nevertheless, the PCM has an impact on the MH bed which 8 
is close to the PCM only. In addition, the void fraction of heat transfer fluid achieves high 9 
level at the beginning, and then reduces over time. This can be explained by the low thermal 10 
conductivity of the MH bed and the increasing thermal resistant between the heat transfer fluid 11 
and heat source of reaction. Therefore, increasing the thermal conductivity of the MH bed is 12 
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0 s, θ=0  1 
Fig. 6 – The distributions of void fraction (in the fluid domain, 0<x<3 mm), reaction 2 
fraction (in the MH bed domain, 3≤x≤35 mm), and melting fraction (in the PCM 3 
domain, 35<x<38 mm) at initial melting fraction θ=0 and 1. 4 
 5 
5.2 The effect of the MH thermal conductivity 6 
According to the literature survey, adding expanded graphite in the MH bed is able to 7 
increase the thermal conductivity to as high as 100 W/(m·K) [57,58]. In this study, the thermal 8 
conductivity of the MH is increased from 0.5 to 1, 3, and 5 W/(m·K) by adding expanded 9 
graphite (volume percentage of 0.5%, 2.5%, and 4.5%, respectively) to investigate the effect 10 
of the MH thermal conductivity. The initial condition of the PCM is considered to be 11 
completely solidified. 12 
Fig. 7 presents the variation of temperature distribution in the MHR at different thermal 13 
conductivities over time. As seen in the graph, low thermal conductivity (0.5 or 1 W/(m·K)) 14 
results in uneven distribution of bed temperature. Away from heat transfer fluid, the 15 
temperature maintains at high level of 359.5oC, while the bed temperature near the heat 16 
transfer fluid is as low as 219.5oC. The poor heat transfer also limits the reaction rate. At 12000 17 
s, high temperature of 359.5oC still exists in some areas of the MHR, indicating the hydrogen 18 
absorption reaction is incomplete. With the increase of the MH thermal conductivity to 3 or 5 19 
W/(m·K), the high temperature area is enlarged significantly and even extends to heat transfer 20 
fluid before 10000 s when the hydrogen absorption reaction is complete. After that, the 21 
temperature in the MHR is reduced quickly without the reaction heat. 22 
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12000 s, λ=5  1 
Fig. 7 – The variation of temperature distribution in the MHR over time at different 2 
thermal conductivities (0.5, 1, 3, and 5 W/(m·K)). 3 
 4 
The thermal conductivity has a significant influence on the heat transfer fluid, as 5 
demonstrated in Fig. 8. Inside the tube, the subcooled heat transfer fluid from the preheater is 6 
first heated from 220oC to saturation temperature (242.5oC at 3.5 MPa). Then the heat 7 
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transferred to fluid is used for its evaporation which consumes a lot of heat. As seen in Fig. 1 
8(a), the low thermal conductivity leads to insufficient heat transfer to the fluid. The fluid 2 
reaches the saturation temperature at the vertical distance of 30 mm under 0.5 W/(m·K), and 3 
at the vertical distance of 15 mm under 1 W/(m·K). By comparison, the vertical distance for 4 
reaching saturation temperature is only 3 mm at the thermal conductivity of 3 and 5 W/(m·K). 5 
Similarly, the distance for fluid evaporation at high thermal conductivity is shorter than that at 6 
low thermal conductivity. 7 









































Fig. 8 – The variation of void fraction along the vertical distance at 5000 s (a) and the 9 
heat flux from the MH to heat transfer fluid (b) at different thermal conductivities. 10 
 11 
The heat flux from the MH to heat transfer fluid is calculated and shown in Fig. 8(b). 12 
Under all considered thermal conductivities, the heat flux decreases over time. At the low 13 
thermal conductivity of 0.5 W/(m·K), the heat flux reduces fast from 18.3 to 11.3 kW/m2, 14 
because large thermal resistant limits the heat flux from the MH to heat transfer fluid. At the 15 
higher thermal conductivity of 3 and 5 W/(m·K), the heat flux reduces at a low speed before 16 
the hydrogen absorption reaction is complete. For example, the heat flux decreases from about 17 
20 to 18 kW/m2 before 10000 s under the thermal conductivity of 5 W/(m·K). The slow 18 
reduction in the heat flux not only enhances the heat transfer between the MH bed and heat 19 
transfer fluid and accelerates the reaction during the whole hydrogen absorption process, but 20 
also contributes to the stability of the steam quality, thus simplifying the operation of 21 
superheater. Therefore, increasing the thermal conductivity of the MH bed is an important 22 
auxiliary method to obtain better performance of heat transfer for the MH-TES using multi-23 
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5.3 The effect of fluid velocity 1 
The fluid velocity is another key parameter for the design of the MHR, which determines 2 
the heat transfer performance and the steam quality. In this study, the fluid velocity of 0.0025, 3 
0.0050, 0.0075, and 0.0100 m/s is set to test the effect of the fluid velocity on the heat transfer 4 
performance. The initial condition of the PCM is set to solidification, and the thermal 5 
conductivity of the MH bed is set to 0.5 W/(m·K). 6 
The variation of the average reaction fraction of the MH and the average temperature in 7 
the MHR over time at different fluid velocities is shown in Fig. 9. At a low fluid velocity of 8 
0.0025 m/s, the temperature in the MHR is distinctly higher than that at the larger fluid 9 
velocities. At 12000 s, the average temperature in the MHR is still about 621 K. The high 10 
temperature in the MHR reduces the hydrogen absorption reaction rate. The reaction fraction 11 
at 12000 s under 0.0025 m/s is 0.7, about 0.2 lower than the other cases with the higher fluid 12 
velocities. Therefore, these results reveal that the heat transfer fluid at the velocity of 0.0025 13 
m/s provides insufficient heat exchange for the MHR. The heat transfer from the MH bed to 14 
the heat transfer fluid cannot be taken away by fluid flow in time, resulting in the heat 15 
accumulation in the MHR. At the fluid velocity of more than 0.0050 m/s, the average reaction 16 
fraction and the average temperature in the MHR are similar. Further increasing the fluid 17 
velocity makes no substantial change to the MHR performance. This is because the heat 18 
transfer process is dominated by the heat conduction in the MH bed at high heat transfer 19 
coefficient. 20 


















































Fig. 9 – The variation of the average reaction fraction of the MH (a) and the average 22 
temperature in the MHR (b) over time at different fluid velocities. 23 
Besides, increasing the fluid velocity is not beneficial to the evaporation of the heat 24 
transfer fluid, as seen in Fig. 10(a). At high fluid velocity, the void fraction at the outlet of the 25 
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heat transfer fluid is reduced dramatically, from 0.85 at 0.0025 m/s to 0.05 at 0.0100 m/s. 1 
Because the heat allocated to a unit mass of fluid decreases. Fig. 10(b) displays the heat flux 2 
from the MH to heat transfer fluid at different fluid velocities. At a high fluid velocity of over 3 
0.0050 m/s, increasing the fluid velocity contributes to the improvement of heat flux before 4 
2000 s, while the heat flux is quite close after 2000 s. In consequence, the increase of fluid 5 
velocity leads to the aggravation of uneven heat transfer during the whole hydrogen absorption 6 
process. By contrast, the heat flux at the fluid velocity of 0.0025 m/s maintains at a low 7 
constant value, which is about 10 kW/m2. 8 








































Fig. 10 – The variation of void fraction along the vertical distance at 5000 s (a) and the 10 
heat flux from the MH to heat transfer fluid (b) at different fluid velocities. 11 
 12 
Based on the above analyses, low thermal conductivity combined with fast fluid velocity 13 
causes the dramatic decrease of heat flux over time, and further leads to the instability of steam 14 
quality. High thermal conductivity combined with slow fluid velocity limits the heat transfer 15 
to fluid, thus decreasing the heat transfer coefficient. Therefore, it can be found that the thermal 16 
conductivity of the MH bed and the velocity of the heat transfer fluid should match well to 17 
enhance the heat transfer and ensure the stability of steam quality. From Fig. 8(b), the thermal 18 
conductivity of 3 and 5 W/(m·K) should be combined with the fluid velocity of 0.0050 m/s, 19 
which increases the heat flux to about 19 kW/m2. From Fig. 10(b), the thermal conductivity 20 
of 0.5 W/(m·K) should be combined with the fluid velocity of 0.0025 m/s, and the 21 
corresponding heat flux is about 10 kW/m2. 22 
 23 
5.4 The effect of hydrogen pressure 24 
For the hydrogen absorption reaction, the pressure difference between hydrogen pressure 25 
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and equilibrium pressure (related to temperature) is the driving force. In this part, hydrogen 1 
pressure of 0.6, 0.8, 1.0, and 1.2 MPa is applied in the MHR to predict the effect of hydrogen 2 
pressure. The initial condition of the PCM is considered to be completely solidified, and the 3 
thermal conductivity and the fluid velocity are set as 0.5 W/(m·K) and 0.0050 m/s, respectively. 4 
The variation of temperature distribution in the MHR over time at different hydrogen 5 
pressures is presented in Fig. 11. From the graph, the higher hydrogen pressure leads to the 6 
higher temperature in the MHR. The maximum temperature in the MHR is 339.5 K for 0.6 7 
MPa, 359.5 K for 0.8 MPa, 371 K for 1.0 MPa, and 379.5 K for 1.2 MPa. Meanwhile, the high 8 
temperature area is found to reduce over time due to that the heat transfer fluid takes the 9 
reaction heat away. On the other hand, with the increase of hydrogen pressure, the high 10 
temperature area at the end of hydrogen absorption process concentrates on the upper right 11 
corner. This is because high temperature difference between MH bed and heat transfer fluid 12 
improves the heat transfer performance at the inlet more obviously than that at the outlet. 13 
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12000 s, P=1.2  1 
Fig. 11 – The variation of temperature distribution in the MHR over time at different 2 
hydrogen pressures (0.6, 0.8, 1.0, and 1.2 MPa). 3 
 4 
Fig. 12 presents the average reaction fraction of the MH and the void fraction along the 5 
vertical distance at 5000 s. As seen in Fig. 12(a), the average reaction fraction at 12000 s is 6 
increased from 0.83 under 0.6 MPa to 0.97 under 1.2 MPa. Accordingly, the evaporation rate 7 
of the heat transfer fluid is increased at the higher hydrogen pressure, as seen in Fig. 12(b). 8 
Nevertheless, the impact of the hydrogen pressure on the hydrogen absorption reaction is slight 9 
compared with the thermal conductivity of the MH bed and the fluid velocity. 10 
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Fig. 12 – The average reaction fraction of the MH (a) and the void fraction along the 2 
vertical distance at 5000 s (b). 3 
 4 
5.5 System performance 5 
In this study, ideal Rankine cycle is employed to estimate the performance of MH-TES 6 
using multi-phase heat exchange and its feasibility in the application of the CSP system. The 7 
outlet temperature and the void fraction of the heat transfer fluid are set as 242.5oC and 0.85 8 
according to the above-mentioned results, respectively. The superheater is assumed to enable 9 
to heat the fluid up to 400oC. Besides, pump power and the pressure drop in the tube are 10 
neglected. 11 
Fig. 13 displays the temperature-entropy diagram of the Rankine cycle with/without 12 
reheating cycle. Without reheating cycle, the steam of 400oC is transformed into saturated 13 
steam of 150oC at the outlet of the turbine. Then, the saturated steam of 150oC is cooled to 14 
saturated water in the condenser, which results in large energy waste and is inadvisable in the 15 
practice. By comparison, with the reheating cycle, the saturated steam of 150oC from the 16 
turbine is reheated to 359.5oC (the maximum temperature in the MH bed at hydrogen 17 
absorption of 0.77 MPa) by the MHR and then elevated to 400oC by superheater. The 18 
superheated steam enters the turbine again to generated electricity. In this case, the outlet 19 
temperature of the turbine is further decreased to 65.6oC. 20 
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Fig. 13 – The analysis of Rankine cycle using MH-TES as steam generator: without 2 
reheating cycle (a) and with reheating cycle (b). 3 
 4 
The proportion of energy exchange in each component in the CSP system is shown in Fig. 5 
14. The main energy supply components include the preheater, the MHR and the superheater. 6 
Among the three components, the MHR provides about 60% energy supply with or without 7 
reheating cycle. Comparing with the system without reheating cycle, the energy for turbine 8 
work is increased from 9.21% to 16.27%, while the energy consumed by the condenser is 9 
reduced to 33.73% in the system with reheating cycle. As a result, the efficiency of the system 10 
is increased from 18.4% to 30.8%, which is comparable to the previously reported efficiency 11 
of 39.2% [59]. The relatively higher efficiency reported previously depends on the higher 12 
steam temperature. In this literature, CaO/Ca(OH)2 is used as the thermochemical storage 13 
material, which increases the steam temperature to 500oC. Therefore, the efficiency of the 14 
system proposed in this study can be further improved by raising the steam temperature. The 15 
steam with the higher temperature can increase the turbine work and reduce the temperature 16 
of the condenser to ambient temperature. This measure can be achieved by increasing the 17 
hydrogen pressure or the superheater temperature. 18 
 
 



























Fig. 14 – The proportion of energy exchange in each component in the CSP system. 2 
 3 
6. Conclusions 4 
In this paper, a two-dimensional model of the MHR using multi-phase heat exchange is 5 
established to describe the heat and mass transfer behavior and estimate the heat transfer 6 
performance. Based on the developed model, the effects of the key parameters, including 7 
thermal conductivity of the MH bed, the fluid velocity, and the hydrogen pressure, on the heat 8 
transfer performance of the MHR are investigated for performance optimization. Besides, an 9 
ideal Rankine cycle is employed to predict the system performance of the MH-TES using the 10 
MHR as steam generator and provide some operation strategies for the MHR. The conclusions 11 
can be drawn as follows: 12 
 The completely solidified PCM helps to increase the average reaction fraction by 13 
about 0.1 than the completely melting PCM, while the initial condition of the PCM has almost 14 
no impact on the evaporation of the heat transfer fluid. 15 
 Increasing the thermal conductivity of the MH bed by adding expended graphite is 16 
beneficial to the heat transfer from the MH bed to heat transfer fluid. The hydrogen absorption 17 
reaction can be complete before 10000 s. The heat flux maintains at a relatively constant value, 18 
which is about 19 kW/m2 at 5 W/(m·K). 19 
 The increase of the fluid velocity leads to the decrease of void fraction of the heat 20 
transfer fluid at the outlet, which may raise the load of the superheater. It is found that the fluid 21 
velocity should match well with the thermal conductivity of the MH bed to keep the uniform 22 
heat exchange during the hydrogen absorption process. For the thermal conductivity of 3 or 5 23 
W/(m·K), the fluid velocity of 0.0050 m/s can maintain the heat flux at 19 kW/m2, and 0.0025 24 
 
 
 25 / 33 
 
m/s with 0.5 W/(m·K) corresponds to 10 kW/m2. 1 
 Higher hydrogen pressure increases the temperature in the MH bed, the maximum 2 
temperature reaching 379.5 oC for 1.2 MPa. The effect of the hydrogen absorption on the heat 3 
transfer performance is slight. 4 
 In the MH-TES system, reheating cycle contributes to increase the turbine work and 5 
reduces the temperature of the condenser, thus increasing the efficiency to 30.8%. Raising the 6 
steam temperature by increasing the hydrogen pressure in the MHR or increasing the 7 
superheater temperature is suggested for the operation of the MH-TES. 8 
 9 
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CSP Concentrated solar power 
MH Metal hydride 
MH-TES Metal hydride based thermal energy storage 
MHR Metal hydride reactor 
PCM Phase change material 
TCS Thermochemical storage 
TES Thermal energy storage 
Symbol 
C  Rate constant, 1/s 
pC  Specific heat, J/(kg·K) 
D  Drift flux 
E  Activation energy, kJ/mol 
g  Gravity vector, N/kg 
H  Enthalpy, kJ/mol 
j  Velocity vector, m/s 
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K  Constant 
L  Latent heat of phase change material 
m
•
 Reaction rate of hydrogen, kg/(m
3·s) 
m  Transferred mass, kg 
M  Molar mass, kg/mol 
P  Pressure, MPa 
Q  The heat source, W/m3 
R  The universal gas constant, J/(mol·K) 
T  Temperature, K 
t  Time, s 
x  Mass fraction 
X  Reaction fraction of the metal hydride 
u  Velocity in the vertical direction 
wt  Saturated mass content of hydrogen 
λ  Thermal conductivity, W/(m·K) 
ε  Porosity 
ρ  Density, kg/m3 
θ  Melting fraction 
φ  Volume fraction 
µ  Viscosity, Pa·s 
H∆  Enthalpy change, kJ/mol 
S∆  Reaction entropy change, J/(mol·K) 
Subscript 
a Hydrogen absorption 
c Continuous phase in the heat transfer fluid 
cd Transferred from continuous phase to dispersed phase 
cond Condensation process 
d Dispersed phase in the heat transfer fluid 
eff Effective 
eq Equilibrium state 
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evap Vaporization process 
fliud Heat transfer fluid 
g Hydrogen gas 
in Inlet 
m Melting 
MH Metal hydride 
out Outlet 
p Phase change 
PCM Phase change material 
phase1 Solid phase of phase change material 
phase1 Liquid phase of phase change material 
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